The matrix domain (MA) of Gag polyproteins performs multiple functions throughout the retroviral life cycle. MA structures have an electropositive surface patch that is implicated in membrane association. Here, we use computational methods to demonstrate that electrostatic control of membrane binding is a central characteristic of all retroviruses. We are able to explain a wide range of experimental observations and provide a level of quantitative and molecular detail that has been inaccessible to experiment. We further predict that MA may exist in a variety of oligomerization states and propose mechanistic models for the effects of phosphoinositides and phosphorylation. The calculations provide a conceptual model for how non-myristoylated and myristoylated MAs behave similarly in assembly and disassembly. Hence, they provide a unified quantitative picture of the structural and energetic origins of the entire range of MA function and thus enhance, extend, and integrate previous observations on individual stages of the process.
, the basic patch is in close proximity to the site of myristoylation. Thus, the basic surface patch is conserved in the absence of sequence similarity, and, furthermore, there seems to be considerable freedom in the way the MA can interact with acidic phospholipids.
The membrane association of MA and Gag may be regulated in a number of ways: (1) oligomerization may increase the membrane partitioning of Gag (Adamson and Jones, 2004) by producing a larger, composite basic surface as well as by favoring the exposure of my- Here, we examine a broader range of MA functions in a unified way and consider many retroviral MAs in addition to HIV-1 MA. We provide mechanistic molecular models for (1) the membrane-associated forms of MAs, (2) the effects of experimentally characterized mutations in the MA on membrane association, (3) how MAs interact with phosphoinositides, (4) how phosphorylation of the MA weakens its membrane interaction, and (5) the role of oligomerization in enhancing the membrane association of both myristoylated (myr) and nonmyristoylated (non-myr) MAs. By examining the biophysical characteristics of MA structures and predictive models for MAs from all of the retroviral classes, we find that MAs share a striking electrostatic homology in the absence of strong sequence homology. This feature indicates that the basic surface patch and electrostatic interactions with membrane surfaces play an important functional role throughout the retroviral life cycle. Our computational analysis supports this hypothesis by providing quantitative models for each of the major functions of MA. Table  1 , e.g., "no particle production," are not necessarily indicative of decreased membrane association and may be indicative of some other mechanism. Examples of agreement between our calculations and experimental data include: (1) HIV-1 MA (Ono et al., 2000): mutating basic residues in the vicinity of the basic patch to glutamates (K29E/K31E; Table 1, row 6) was shown to decrease membrane binding, and our calculations correctly predict a significant increase in ⌬G el ; (2) MMLV MA (Soneoka et al., 1997): a series of mutations that decrease the number of basic residues in the surface patch either decreased or abolished membrane binding of Gag. In agreement with experimental data (Table 1 , rows 15-19), our calculations predict that (a) ⌬G el increases but is still favorable for the two cases in which membrane binding is observed merely to decrease, and (b) ⌬G el increases and becomes positive (representing a repulsive electrostatic interaction with the membrane) for the three cases in which membrane binding was observed to be abolished.
Results

Electrostatic
Homology Models of MAs of Unknown Structure Suggest that the Basic Surface Patch Is a Conserved and Functionally Important Feature
To test the generality of these results, we built homology models for 40 sequences of MAs from the alpha-, beta-, gamma-, delta-, and epsilon-retrovirus and the lentivirus classes (see Experimental Procedures and our website: http://maat.med.cornell.edu/MA.html). We were able to obtain reliable models for some, but not all, epsilon-retroviral MAs.
All of our models except for one (avian spleen necrosis virus MA) have a significant basic surface patch. Representative examples are provided in Figure 3 . As in Figure 1 , the MAs are depicted in the same orientation, as obtained from a multiple structure alignment, and are annotated by their electrostatic surface potentials. Importantly, to our knowledge, our work provides the first structural models for MAs in the epsilon-retrovirus class ( Figure 3E ). In each of the three epsilonretrovirus models, the large basic patch is adjacent to the N-terminal glycine, which is believed to be myristoylated. Using these models, we predicted the effects of mutations in HTLV-1 and FIV MAs, which were examined in the literature (Le Blanc et al., 1999; Manrique et al., 2001). Our results suggest that impaired MA/membrane association may account for the mutant phenotypes.
(1) HTLV-1 MA: a Gag mutant in which three of the basic residues proposed to contribute to the basic surface patch were mutated to isoleucines resulted in no particle production. Our prediction that ⌬G el increases by w2.5 kcal/mol is consistent with this observation (Table  1, Table 1 ) is due solely to nonspecific electrostatic interactions, i.e., a decrease in ⌬G el from −5 to −7.5 kcal/mol. Thus, our calculations predict that enhanced membrane association is mediated by an interaction between the basic patch on MA and PI(4,5)P 2 , and that there need not be a specific coordination between particular residues on MA and the head group of PI(4,5)P 2 . However, the calculations do not address the possibility of specific binding of inositol polyphosphates, as has been suggested by the results of Campbell et al.
(2001).
The ⌬G el value of −7.5 kcal/mol is a lower limit on the effect, as there is, on average, at least 1 PI(4,5)P 2 for every 100 lipids, and the imprint of MA on the membrane encompasses only about 30 lipids; thus, there must be significant demixing or lateral reorganization of PI(4,5)P 2 for an interaction with the MA to occur. In addition, if the MA is already adsorbed to the membrane, it may laterally sequester PI(4,5)P 2 through nonspecific electrostatic interactions as suggested by phoinositides in the plane of the plasma membrane: a single MA is predicted to sequester a PI(4,5)P 2 lipid with a Boltzmann-averaged electrostatic free energy of −1.7 kcal/mol. However, the entropic cost for localizing a PI(4,5)P 2 lipid to a region corresponding to the imprint of MA is w+0.7 kcal/mol (see Experimental Procedures for details). Hence, at most, an upper limit to the net free energy gain due either to MA adsorbing to a PIP 2 -containing membrane or to the sequestration of a PI(4,5)P 2 by an isolated, membrane-associated MA is −1.0 kcal/mol. However, an array of membrane-associated MAs formed during assembly is expected to laterally accumulate many PI(4,5)P 2 lipids (see Figure 5) .
Our calculations support two mutually consistent models: PI(4,5)P 2 may direct Gag to the plasma membrane by enhancing membrane association, and/or membrane bound MA may laterally sequester PI(4,5)P 2 in the plasma membrane, either to stabilize membrane association or to facilitate the targeting of cellular factors required for budding and fission.
Phosphorylation of HIV-1 MA Significantly Weakens the Electrostatic Interaction with Membranes
The MA is also implicated in steps that occur early in the viral life cycle, after infection. Mature MA is thought to aid in the nuclear targeting and import of the prein- Figure 4A , the trimer structure of HIV-1 MA is well suited for productive membrane association: all three monomers contribute to a contiguous basic surface patch that may interact with acidic lipids in the membrane, while the three myristates (one from each monomer) may simultaneously partition into the membrane interior. In addition, the C termini project away from the membrane, suggesting that the rest of Gag may point radially toward the center of the virion, as observed microscopically; i.e., the trimer is "assem- In Figures 2 and 4A , the HIV-1 MA monomer and trimer, respectively, are depicted in their minimum free energy orientations: ⌬G el (monomer) = −5 kcal/mol and ⌬G el (trimer) = −9 kcal/mol. We calculated ⌬G el for each of the monomers in their trimer configuration; the sum of the individual electrostatic free energies is equal to ⌬G el (trimer) so that the contribution of each monomer (w−3 kcal/mol) to the trimer is additive. As seen by comparing Figures 2 and 4A , the monomers in the context of the trimer are not in their minimum free energy orientations. Therefore, to adopt the trimer configuration, each monomer gives up favorable protein/membrane interaction free energy to gain favorable protein/ protein interaction free energy. Assuming that the myristate remains partitioned into the membrane interior for some time after a membrane bound trimer of MA breaks up, our calculations predict that it is energetically more favorable for three MAs to be monomeric Figure 4C ; this arrangement brings the negatively charged lobe of EIAV MA (top of Figure 1G ) in proximity to the membrane surface. Whereas ⌬G el for the EIAV MA monomer is −4.6 kcal/mol (Table 2, row 5), the electrostatic free energy for the trimer model is −1.7 kcal/ mol (Table 2, row 6). Since EIAV MA is not myristoylated and does not have any prominent surface hydrophobic features, electrostatic interactions, mediated by its basic surface patch, are likely critical to viral assembly. Hence, the trimer model, at least that based on the HIV-1 MA trimer structure, does not appear to be a viable configuration for EIAV assembly. However, as stated above, EIAV MA crystallized as a dimer. This structure is shown in its minimum free energy orientation (Figure Table 2 ). An important feature of our models is that they predict that myr and non-myr MA oligomers will dissociate at the membrane surface; this will ultimately lead to membrane dissociation of MA monomers after viral entry as described below. Note that this is not true for MA in the context of Gag because downstream protein-protein interactions, as well as NC/RNA interactions, are potent mediators of Gag oligomerization, and the free energy gained by these interactions is very likely more favorable than free energy gained due to enhanced MA/membrane interactions upon dissociation into monomers. Figure 5A , the membrane may occasionally compete with MA for the myristate, but the overall change in free energy will be small because the hydrophobic component should be approximately equivalent whether the myristate is bound to MA or partitioned into the membrane. Hence, the membrane binding free energies for both monomeric HIV-1 Gag and EIAV Gag are weak (w−5 kcal/mol) but sufficient to direct a significant amount of protein to the plasma membrane surface, which is preferentially enriched in acidic phospholipids with respect to other intracellular membranes (Pomorski et al., 2001 ). PIP 2 (red circles) serves to favor the membrane-associated state of both Gags by at least 1 kcal/mol (Table 1) . Membrane association, as well as the directionality it confers on Gag, significantly increases the probability that Gag monomers and oligomers will find and efficiently bind each other (Figures 5A and 5B) . Gag oligomerization is due mainly to interactions mediated by CA and NC. Oligomerization can occur either in solution or at the membrane surface and will result in strong membrane association for both HIV-1 and EIAV Gags ( Figure 5B 
Discussion
Budding and Maturation
When w1500-3000 Gag molecules assemble at the plasma membrane, Gag-Gag interactions collaborate with nucleocapsid/RNA interactions and host factors (including PIP 2 , red circles) to produce a viral bud and, ultimately, an immature particle. During this process, the viral protease cleaves Gag so that its domains become independent proteins, and the particle subsequently assumes its mature, infectious morphology ( Figure 5D ). In the mature virion, the MA to lipid concentration ratio is very high; thus, MA will remain in the oligomer form. Our calculations predict that all of the MA protein will remain associated with the luminal surface of the viral membrane, i.e, membrane binding is not saturated under these conditions For example, using the EAIV MA dimer structure to create an extended array of membrane-associated dimers, we predict that each monomer, in its dimer orientation, has the same membrane binding free energy, both in the absence and presence of other membrane-adsorbed MAs (data not shown). This is in agreement with similar earlier studies on basic peptides and "discreteness of charge" effects . The shell of matrix proteins depicted in Figure 5D 
Modeling Protocol
The following steps were followed in generating homology models: (1) each of the target sequences was scanned against the structure database in PrISM. If an alignment had a high normalized SmithWaterman score (>30), and the subsequent Needleman-Wunsch alignment produced high target coverage (>90%), this latter alignment and PrISM's tools were used to construct the homology model. PSI-BLAST searches gave similar alignments for these targets. These models scored well according to the structure evaluation tools Verify3D (Luthy et al., 1992), ProsaII (Sippl, 1993) , and pG, which provides a normalized ProsaII z score (Sanchez and Sali, 1998) , were used to identify suitable structural templates and initial alignments for modeling. PrISM was used to construct models for each sequence based on alternative templates and alignments. These models were evaluated, and, if necessary, the alignments were manually edited by using secondary structure information as a guide. This process was iterated either until a well-evaluated model was obtained or the search was abandoned. Models that passed our screening criteria were viewed as reliable. This was further confirmed by sensitivity analysis in which known MA structures were used as templates for modeling the sequences of other MAs of known structure. In each case, even for distantly related MAs, i.e., across retroviral classes, the overall electrostatic properties of the structures were faithfully reproduced by these "control models." 
Electrostatic Calculations
Calculations with PIP 2
We followed the theoretical scheme outlined in previous work (Wang et al., 2004) . The initial and final states of the system are composed of two equal-sized regions of membrane containing the same mole percent monovalent acidic lipid: in the initial state, one has MA adsorbed to its surface, G el (P·M), and one has a single PIP 2 lipid, G el (PIP 2 ·M); in the final state, one has PIP 2 in the vicinity of the membrane-adsorbed MA, G el (PIP 2 ·P·M), and one has no PIP 2 , G el (M). The electrostatic free energy for PIP 2 sequestration was determined as: 
